The leg-positive pressure maneuver can safely and noninvasively apply preload stress without increase in total body fluid volume. The purpose of this study was to determine whether preload stress could be useful for risk stratification of patients with heart failure with reduced ejection fraction.
B
oth resting contractile and diastolic functions are essential functional parameters for the assessment of patients with heart failure (HF) and are known to be closely related to the prognosis of these patients. 1, 2 However, unfortunately, these key cardiac functional parameters have long been assessed only at rest in daily clinical settings. Many patients with HF generally do not show dyspnea or easy fatigability at rest but only during exertion or under hemodynamic stress. 3 Moreover, many patients with exertional dyspnea usually have relatively preserved cardiac output, and ventricular filling pressure is not always elevated at rest 4 even though it has been reported that both contractile reserve 5, 6 and diastolic reserve 3, 4, 7 of these patients are impaired. Thus, it seems insufficient to assess cardiovascular functions only at rest. Rather, it may be more important to evaluate hemodynamic reserve during stress testing for these patients. [3] [4] [5] 8 A growing number of studies have recently been focusing on both contractile reserve and diastolic reserve during exercise stress, 3 passive leg-lifting, [6] [7] [8] or administration of vasoactive drugs. 8 However, only few studies have evaluated contractile and diastolic reserve simultaneously after an increase in preload. 6, 9 Recently, a novel preload stress echocardiography using the leg-positive pressure (LPP) maneuver was reported to noninvasively reproduce the volume central shift without any increase in total body fluid volume; thus, disclosing the preload reserve for patients with chronic HF. 5, 10, 11 Because the essential feature of preload reserve is the ability to enhance cardiac output without a significant increase in ventricular filling pressure in response to increased venous return, the preload reserve can be regarded as representing the integrated function of both the contractile reserve and diastolic reserve.
Therefore, we hypothesized that assessment of preload reserve using noninvasive dynamic LPP stress echocardiography could provide important prognostic information for patients with HF with reduced ejection fraction (HFrEF).
METHODS
The data, analytic methods, and study materials will be made available from the corresponding author on reasonable request for purposes of reproducing the results or replicating the procedure.
Study Population
This prospective study included 120 consecutive patients with HFrEF (all ejection fraction of <40%) who had prior or current symptoms or signs of HF (HF stages C and D). 12 All patients underwent transthoracic echocardiography for the evaluation of hemodynamic status between September 2014 and October 2016. Thirty-eight patients (32%) had ischemic cardiomyopathy, defined as the presence of >50% stenosis of ≥1 major epicardial coronary arteries and history of coronary revascularization or myocardial infarction. The remaining 82 patients (68%) were classified as nonischemic cardiomyopathy. The exclusion criteria for the study were (1) uncontrolled hypertension, (2) unstable HF symptoms, (3) unstable angina, (4) a more than moderate valvular heart disease, (5) history of venous thrombosis or pulmonary embolism, and (6) severe orthopedic traumatic disease and active skin lesions in the lower limbs. At the time of enrollment, all patients were in a clinically stable condition and undergoing optimal and maximally tolerated pharmacological therapy. Twenty-three age-and sex-matched healthy volunteers served as the control group.
The protocol was registered with the University Hospital Medical Information Network Clinical Trial Registry as UMIN 000014675. This study was approved by the local ethics committee of our institution, and written informed consent was obtained from all subjects.
CLINICAL PERSPECTIVE
It is critically important to identify patients with heart failure (HF) with poor prognosis who are likely to experience clinical deterioration to improve the effectiveness of care, optimize the patient outcomes, and effectively save the overall cost by focusing resources on the high-risk patients. Although Doppler echocardiography is being widely used to assess the patients' prognosis, the echocardiographic measurements usually vary dramatically even within the same patient depending on changes in loading conditions, and this may critically limit its prognostic value. A novel preload stress echocardiography using the leg-positive pressure maneuver can noninvasively reproduce the volume central shift without any increase in total body fluid volume, thus disclosing the preload reserve for patients with chronic HF. In this study, dynamic preload stress echocardiography was performed in patients with HF with reduced ejection fraction by using the leg-positive pressure maneuver for assessment of preload reserve. We demonstrated that the absence of contractile reserve, diastolic reserve, and exacerbated ventricular interdependence during leg-positive pressure stress were found to be the important determinant of future cardiovascular events for this patient population. It follows that a practical implication of our results is that the assessment using leg-positive pressure stress should be encouraged to identify patients with HF with reduced ejection fraction who are likely to experience clinical deterioration, as well as potential targets for more aggressive HF therapy, including the use of venodilators or more aggressive diuretic therapy for these patients.
Echocardiographic Examination
All echocardiographic studies were performed with commercially available echocardiography systems (Aplio Artida; Toshiba Medical Systems, Tochigi, Japan). Digital routine grayscale cine loops from 3 consecutive beats were obtained from left ventricular (LV) parasternal and apical views. Echocardiographic measurements were obtained in accordance with the current guidelines of the European Association of Cardiovascular Imaging/the American Society of Echocardiography. 13 LV ejection fraction and LV volumes were calculated by means of the modified biplane Simpson method, and the biplane method of disks was used to calculate left atrial (LA) volume. The transmitral early diastolic (E) and atrial wave (A) velocities as well as the E wave deceleration time were measured on pulsed-wave Doppler recordings from the apical long-axis view. Early diastolic (e′) septal mitral annular velocity was measured by using spectral Doppler tissue imaging, and the E/e′ ratio was calculated to estimate LV filling pressure.
14 Forward stroke volume (SV) was determined in terms of the velocity-time integral, assessed by means of pulsed-wave Doppler positioned at the LV outflow tract. As an index of external work performed during 1 cardiac cycle to eject blood under a given blood pressure (BP), stroke work index (SWI) was approximated as the product of SV index and mean systolic BP. The right ventricular (RV) end-diastolic area index and RV fractional area change were measured using the RV-focused 4-chamber view. As an index of longitudinal RV systolic function, tricuspid annular plane systolic excursion was measured. 13 To quantify the degree of ventricular interaction in a pericardial space, ventricular eccentricity index was measured. 15 As pericardial constraint and ventricular interaction increase, the septum becomes less convex toward the RV. The LV diameter perpendicular to the interventricular septum was measured in the short-axis view, along with the diameter orthogonal to the septo-lateral dimension in the antero-posterior dimension. The eccentricity index was then calculated as a ratio of antero-posterior/septo-lateral dimension. If the eccentricity index exceeds 1.0, it indicates enhanced ventricular interdependence. In cases with atrial fibrillation, measurements were averaged from 3 nonconsecutive beats with cycle lengths within 10% to 20% of the average heart rate. 14 
Preload Stress Echocardiography
For the preload stress test, commercially available LPP equipment (Dr Medomer DM-5000EX, Medo Industries Co, Ltd, Tokyo, Japan) was used. The procedure of the LPP stress maneuver was previously described in detail. 5, 10, 11 Briefly, it was designed to provide a continuous external pressure around both lower limbs using dedicated airbags at 90 mm Hg pressure (Figure 1 right upper panel) . This pressure was proved to safely provide an effective increase in ventricular preload with evidence based on the findings from the invasive hemodynamic study. 10, 11 Echocardiographic measurements were obtained both at rest and during LPP stress. All LPP stress echocardiographies were performed 20 seconds after the inflation of the airbags. If the data acquisition time elapsed >3 minutes, airbags were temporarily deflated and then reinflated for the continued analysis to ensure that LPP stress could provide adequate preload stress. The changes in measured parameters were then calculated as the absolute difference and expressed as delta (Δ). Contractile reserve and diastolic reserve were defined as the absolute changes between baseline SWI and E/e′ ratio and their values obtained during LPP stress. ECG, BP, and heart rate were monitored during the entire procedure.
Clinical End Points and Follow-Up
Unfavorable cardiovascular events were prespecified as the primary end points of death from or hospitalization for deteriorating HF, implantation of a ventricular assist device necessitated by intractable HF, sudden cardiac death, and occurrence of appropriate shock of an implantable cardioverter defibrillator. Clinical follow-up was conducted for a median of 20.0 months (interquartile range, 13.2-26.9 months).
Statistical Analysis
Continuous variables were expressed as mean values and standard deviation for normally distributed data and as the median and interquartile range for non-normally distributed data. Categorical variables were expressed as frequencies and percentages. The parameters of subgroups were compared by using the Student t test or Mann-Whitney U test as appropriate. To identify differences in hemodynamic and echocardiographic parameters between 2 time points (ie, baseline and during LPP stress), the paired t test was used for comparisons of continuous variables. Proportional differences were evaluated by means of Fisher exact test or the χ 2 test as appropriate. Differences in hemodynamic responses between groups were tested by 2-way repeated measures ANOVA, with case status as grouping factor and time point (ie, baseline and during LPP stress) as the repeated factor. The event-free survival analyses were established by using Kaplan-Meier method and compared by means of the log-rank test. The initial univariable Cox proportional-hazards analysis to identify univariable predictors of primary end points was followed by a multivariable Cox proportional-hazards model using stepwise selection, with the P levels for entry into the model set at <0.10. In the selection of independent variables to enter the multivariable model, Pearson correlation analyses were performed in advance between the independent variables to prevent multicollinearity. In situations where >2 variables measured a pathophysiological parameter (eg, SV index and SWI as markers of LV ejection performance), the parameter that was more clinically relevant was entered into the stepwise selection. Nested Cox models were constructed to determine the incremental prognostic benefit of diastolic and contractile reserve during LPP stress over baseline clinical and echocardiographic variables for the prediction of primary end point. A statistically significant increase in the global log-likelihood χ 2 of the model was defined as incremental prognostic value. All tests were 2 tailed, with differences reported as significant if P<0.05 and were not adjusted for multiple comparisons. All analyses were performed with SPSS software version 24.0 (SPSS, Inc, Chicago, IL).
RESULTS

Baseline Characteristics
The baseline characteristics of the 120 patients with HFrEF and 23 age-and sex-matched normal controls are summarized in Table 1 . As expected, patients with HFrEF showed significantly lower BP, smaller forward SV, and smaller SWI compared with normal controls. Moreover, patients with HFrEF featured significant global LV remodeling along with impaired biventricular contractile function compared with normal controls. With respect to the baseline diastolic functional parameters, although the baseline E/A ratio was comparable for the 2 groups at first glance, the E/e′ ratio and LA volume index were found to be significantly larger for patients with HFrEF, indicating elevated LV filling pressure in these patients at baseline.
Preload Stress Test for Patients With HFrEF and Normal Controls
Acute preload stress test was well tolerated by all subjects without any complications associated with the LPP maneuver. Table 2 shows comparisons of the response to LPP stress for both the patients with HFrEF and normal controls. As a result of LPP stress, the interior vena cava diameter, RV end-diastolic area, LA volume index, and LV end-diastolic volume increased in both groups soon after the LPP maneuver. However, eccentricity index, which is a parameter of ventricular interdependence, tended to be larger along with the RV enlargement during acute preload stress in the patients with HFrEF, but the changes were not statistically significant. It was noteworthy that LPP stress resulted in a significant increase in SWI without an increase in LV filling pressure in normal controls ( Figure 1 ) while SWI increased only moderately (2-way repeated measures ANOVA; P value for interaction, P<0.001) at the expense of the elevated LV filling pressure (2-way repeated measures ANOVA; P value for interaction, P=0.03) in patients with HFrEF.
Cardiovascular Events During Follow-Up
Of the 120 patients with HFrEF, none were lost to follow-up. During the median follow-up period of 20.0 months, 30 patients (25%) developed adverse cardiovascular events, with 1 patient undergoing ventricular assist device implantation because of intractable HF, 6 dying of sudden cardiac death or receiving appropriate implantable cardioverter defibrillator shock, and the remaining 23 being hospitalized because of worsening HF. During the follow-up period, all patients received optimal and maximally tolerated pharmacological therapy, and medications did not change during the follow-up period in most of the patients.
Patients With HFrEF With and Without Cardiovascular Events
No significant differences were observed between the 2 subgroups with and without adverse cardiovascular events in terms of age, sex distribution, medication, and comorbidities. However, patients with cardiovascular events were more likely to have a higher brain natriuretic peptide concentration (234 [87-490] versus 418 [236-1128] pg/mL; P=0.002) and to be allocated to a worse New York Heart Association functional class (Table 3) . With respect to the hemodynamic and echocardiographic characteristics, although patients with cardiovascular events were more likely to have a lower systolic BP, higher E veloc- ity, larger LA volume index, and smaller tricuspid annular plane systolic excursion, there were no significant differences regarding forward SV, SWI, LV volumes, LV ejection fraction, RV fractional area change , eccentricity index, and diastolic functional parameters at baseline (Table 4) . Table 4 and Figure 1 show comparisons of the changes in hemodynamic parameters for HFrEF subgroups with and without cardiovascular events. An important finding was that the E/e′ ratio increased only slightly for patients without cardiovascular events (from 16±10 to 17±9; P=0.005) during LPP stress while the ratio was seriously elevated to critical levels (from 19±11 to 25±14; P<0.001) for patients with adverse cardiovascular events (P value for interaction, P<0.001). Interestingly, during acute preload stress, SWI increased significantly (from 3280±1371 to 3857±1581 mm Hg·mL/m 2 ; P<0.001) only in patients without cardiovascular events while the Frank-Starling mechanism was impaired (from 2863±969 to 2903±1084 mm Hg·mL/m 2 ; P=0.70) in patients with adverse cardiovascular events (P value for interaction, P<0.001). Interestingly, eccentricity index did not change during LPP stress in patients without cardiovascular events; however, ventricular interaction was significantly exacerbated (eccentricity index, from 1.02±0.11 to 1.06±0.12; P<0.001) in patients with cardiovascular events (P value for interaction, P<0.001).
Preload Stress Test for Patients With HFrEF
When the relationship between ΔSWI and ΔE/e′ ratio was evaluated, a statistically significant correlation was observed (Figure in Data are presented as n, mean±SD, n (%), or median (interquartile range). ACE indicates angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; BMI, body mass index; BP, blood pressure; BSA, body surface area; CI, cardiac index; EF, ejection fraction; F, female; HFrEF, heart failure with reduced ejection fraction; IVC, inferior vena cava; LA, left atrial; LV, left ventricular; M, male; NYHA, New York Heart Association; RVEDAI, right ventricular enddiastolic area index; RVFAC, right ventricular fractional area change; SVi, stroke volume index; SWI, stroke work index; and TAPSE, tricuspid annular plane systolic excursion.
(continued ) 
Predictors of Cardiovascular Events
When patients with HFrEF were subdivided into 2 subgroups based on the baseline SWI being reduced (less than median, SWI <3000 mm Hg·mL/m 2 ) or preserved (SWI ≥3000 mm Hg·mL/m 2 ), the difference in baseline SWI could not be used to determine future cardiovascular risk for these patients (Figure 2A) . However, the addition of information on contractile reserve during LPP stress (cutoff value; median ΔSWI of 360 mm Hg·mL/m 2 ) to the baseline value resulted in a clear differentiation between these subgroups in terms of risk of cardiovascular events ( Figure 2B ). Similarly, when the patients were subdivided into 2 subgroups based on the baseline E/e′ ratio (cutoff value of 15), the baseline value could not discriminate the future risk of cardiovascular events ( Figure 3A) . However, addition of data on diastolic reserve during LPP stress (cutoff value; median ΔE/e′ of 2.3) to the baseline value resulted in a clear differentiation of these subgroups in terms of risk of cardiovascular events ( Figure 3B ).
The hazard ratio and 95% confidence interval for each variable determined with univariable and multivariable Cox proportional-hazards analyses are shown in Table 5 . Multivariable Cox analysis revealed that the changes in SWI (hazard ratio 0.44 per 500 mm Hg·mL/ m 2 increase; P=0.001), the E/e′ ratio (hazard ratio 2.58 per 5-U increase; P<0.001), and the eccentricity index (hazard ratio 2.52 per 0.1 U increase; P=0.049) during LPP stress were predictors of cardiovascular events. However, not only the baseline RV function but also RV functional reserve during LPP stress could not predict future adverse cardiovascular events for these patients.
In the nested Cox models, a model based on clinical variables (model 1 [age, sex, New York Heart Association functional class, and serum brain natriuretic Data are presented as n, mean±SD, n (%), or median (interquartile range). BP indicates blood pressure; CI, cardiac index; EF, ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR, heart rate; IVC, inferior vena cava; LA, left atrial; LPP, leg-positive pressure; LV, left ventricular; RVEDAI, right ventricular end-diastolic area index; RVFAC, right ventricular fractional area change; SVi, stroke volume index; SWI, stroke work index; and TAPSE, tricuspid annular plane systolic excursion. 
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DISCUSSION
The major findings of the present study were as follows. First, LPP stress led to a significant increase in SWI without an increase in LV filling pressure in normal subjects while the response of patients with HFrEF was significantly impaired. Second, in patients with HFrEF without cardiovascular events, SWI increased significantly at the expense of a minimal increase in LV filling pressure. However, in patients with cardiovascular events, the Frank-Starling mechanism was significantly impaired and LV filling pressure seriously increased to the critical level. Finally, absence of contractile reserve and diastolic reserve, and exacerbated ventricular interdependence during LPP stress was found to be an important determinant of cardiovascular events, and these parameters produced incremental prognostic value over clinical and conventional echocardiographic prognostic information.
LPP Stress as a Model of Volume Central Shift
The venous system contains ≈70% of the total blood volume, which is a large quantity of blood that does not contribute to the effective circulating volume and thus can act as a built-in venous reservoir. 16 However, a sympathetically stimulated reduction in venous capacitance would serve to shift a large amount of blood out of the venous reservoir for a corresponding increase in the effective circulatory blood volume. 16 Subsequently, this leads to instantaneous increases in the preload without any changes in total body fluid volume, a phenomenon which is known as volume central shift. 17 As shown in previous studies, 5, 10, 11 LPP stress can shift the venous volume distributed in the lower limbs to the effective circulatory volume, and this can be considered as a model of the volume central shift. As observed in normal controls in our study, the FrankStarling mechanism effectively increased the SWI soon after the dynamic preload stress. However, the E/e′ ratio did not change at all despite the significant increase in the ventricular preload, indicating the preload reserve had been firmly preserved in the normal subjects.
Preload Reserve in Patients With HFrEF
In patients with HFrEF, a relatively minor precipitant would cause a significant increase in sympathetic nervous activity. A reduction in venous compliance induced by sympathetic stimulation, in turn, leads to a significant shift of the venous blood from the unstressed volume to the effective circulatory volume. 17 In this way, venous system can act as an exacerbation factor through the recruitment of an excessive preload in the acute decompensated state. However, as long as the Frank-Starling mechanism operates effectively, in less-diseased heart as observed in our patients without cardiovascular events, cardiac output could be expected to increase at the expense of the elevated filling pressure. However, as observed in our patients with cardiovascular events, a severely failed heart actually operates on the relatively flat portion of the Frank-Starling curve. In this situation, the increased ventricular preload will lead to a much greater elevation in filling pressure, pulmonary venous hypertension, and subsequent pulmonary congestion without an effective increase in cardiac output. This may be the main reason our patients without preload reserve had worse cardiovascular outcomes in this study.
As a simplified method of preload increasing intervention, previous investigators 6-8 performed passive leg-lifting maneuver and reported that this technique could be used to assess functional reserve of patients with HF. Pozzoli et al 8 studied 75 patients with systolic HF who performed passive leg-lifting maneuver had a baseline nonrestrictive mitral flow velocity pattern (MFVP). In this study, they elegantly showed that the patients with a stable nonrestrictive MFVP during passive leg-lifting showed low event rate (6%), whereas the event rate was significantly higher (33%) in patients with an unstable nonrestrictive MFVP (MFVP converted to the restrictive filling pattern). More recently, Ishizu et al 7 expanded these observations to study 108 patients Data are presented as n, mean±SD, n (%), or median (interquartile range). BNP indicates brain natriuretic peptide; HFrEF, heart failure with reduced ejection fraction; and NYHA, New York Heart Association.
with HF with preserved ejection fraction but showing impaired relaxation MFVP at baseline. They also evaluated diastolic reserve by using passive leg-lifting and demonstrated that the patients who showed the inverted E/A ratio during leg-lifting had a concealed diastolic dysfunction despite having a normal LA pressure at baseline. However, Abe et al 6 studied 35 patients with HFrEF performing the passive leg-lifting maneuver. In this study, forward SV increased in 20 patients and paradoxically decreased in the remaining 15 patients during passive leg-lifting. They showed that the changes in SV induced by leg-lifting negatively correlated with changes in functional mitral regurgitation. Of importance was that the paradoxical decrease in forward SV was a significant predictor of the primary end point of death and HF hospitalization. These studies have suggested that the passive leg-lifting maneuver could be used for the risk stratification of patients with HF. However, passive leg-lifting maneuver is known to return only 150 to 200 mL of blood from the lower extremities to central circulation 18 ; thus, the hemodynamic relevance of this maneuver has been questioned. 19, 20 On the contrary, as shown in a simultaneous invasive hemodynamic study by Yamada et al, 10 the novel LPP stress is proved to recruit the sufficient ventricular preload and lead to the constant increase in LV end-diastolic pressure in patients with HF.
Possible Mechanism of Impaired FrankStarling Mechanism
The lack of Frank-Starling response observed in our patients with HFrEF may be multifactorial. This includes the impaired length-tension relationship, 21 deficient excitation-contraction coupling, 22 deterioration of mitral regurgitation, 6 increased afterload, 23 lack of RV Data are presented as n, mean±SD, n (%), or median (interquartile range). BP indicates blood pressure; CI, cardiac index; EF, ejection fraction; HFrEF, heart failure with reduced ejection fraction; HR, heart rate; IVC, inferior vena cava; LA, left atrial; LPP, leg-positive pressure; LV, left ventricular; RVEDAI, right ventricular end-diastolic area index; RVFAC, right ventricular fractional area change; SVi, stroke volume index; SWI, stroke work index; and TAPSE, tricuspid annular plane systolic excursion.
functional reserve, 5 impaired LA reserve, and adverse ventricular interdependence. 24 Previous investigators elegantly exhibited the relationship between the chronically dilated ventricle and its sarcomere length, using chronically dilated canine ventricular model induced by means of large atriovenous shunt. 23 In this model, sarcomeres revealed to be maximally extended to 2.2μm, and there was no room for an additional FrankStarling response to increase volume. In this situation, sarcomere length would not be forced significantly beyond the apex of the sarcomere length-tension relationship in the chronically dilated heart. Thus, an increase in the preload would never lead to an effective increase in the SWI. An adverse ventricular interaction may also be an important factor. 24 The dilated left and right ventricles are constrained in the same pericardium, but total pericardial volume would not change immediately during abruptly increased preload. In such situation, expanded RV volume may adversely affect not only the LV filling but also the reduced cardiac output because of the leftward shift of the ventricular septum. In this way, enhanced ventricular interaction may eventually lead to a lack of Frank-Starling response in patients with dilated ventricles. In this study, ventricular interaction was exaggerated only in the patients who experienced cardiovascular events, and the exacerbated ventricular interaction during LPP stress was found to be an important determinant of cardiovascular events. Thus, the exacerbated ventricular interaction during preload stress test could be used as a marker of hemodynamic decompensation.
Presumably, the end results of all these derangements of cardiovascular system during preload stress would lead to the impaired Frank-Starling response and eventually result in the blunted increase in SWI and significant elevation in ventricular filling pressure. Thus, one can speculate that the assessment of preload reserve during LPP stress could serve as a comprehensive cardiovascular reserve for patients with HF. Moreover, as shown in this study, both the contractile reserve and diastolic reserve during LPP stress were found to be important determinants of cardiovascular events, and these parameters produced incremental prognostic value over clinical and conventional echocardiographic prognostic information.
In this study, as many as two thirds of patients with HFrEF with cardiovascular events were those in New York Heart Association functional class I or II. This result suggests that the patients' subjective symptoms or even the objective assessment from the attending doctors may not effective for the risk assessment in the daily clinical settings. Therefore, LPP stress testing may be 
Advantage of Double-Point Assessment
Almost all previous studies have assessed echocardiographic measurements only once at rest. However, these parameters can vary dramatically even within the same patient depending on changes in loading conditions, 8 and this may critically limit the prognostic value of a single-point assessment. Because changes in Doppler parameters can occur dynamically, it can be speculated that intermittent echocardiographic assessment (or even meticulous echocardiographic follow-up) would not be sufficient for the management of patients with HF. It follows that a practical implication of our results indicates that double-point assessment using LPP stress should be performed to identify high-risk patients who develop elevated filling pressure without increasing SWI during dynamic preload stress test. The findings of LPP stress echocardiography may lead to important clinical decision making in terms of the use of venodilators or more aggressive diuretics 24 for these patients.
Study Limitations
There are certain limitations to this study. First, e′ was assessed only from the septal side of the mitral annulus in this study, but the current guideline recommended to measure it at the septal and lateral sides of the mitral annulus and to use their average value. 14 However, we did not evaluate the absolute value of the E/e′ ratio itself but its change during LPP stress in this present study. Thus, we think single-site measurement may not be a significant limitation of this study. Second, the novel strain analyses during LPP stress were not part of this study because one of the most important selling points of this study is its simplicity without using complicated newer techniques. From the practical point of view, we think that hemodynamic analysis using only conventional Doppler method during LPP stress can be a valuable assessment tool because it is not time consuming and easy to perform in daily clinical settings. Finally, peak tricuspid regurgitation velocity could not be obtained in one third of the patients during LPP stress. However, we could obtain E/e′ ratio in most of the patients. Thus, we think that the measurement of E/e′ ratio may be more valid than the peak tricuspid regurgitation velocity to assess hemodynamic load during LPP stress testing.
Conclusions
Contractile reserve and diastolic reserve during dynamic preload stress test are important determinants of cardiovascular outcome for patients with HFrEF. Assessment of preload reserve during LPP stress can enhance comprehensive risk stratification and contribute to better management of such patients. For a patient without cardiac events (left), the forward stroke volume index (SVi) and stroke work index (SWI) increased in response to leg-positive pressure (LPP) stress while the E/e′ ratio remained unchanged. However, for a patient with acute decompensated heart failure 2 months after LPP stress echocardiography (right), the E/e′ ratio dramatically increased during stress test. It should be noted that both the forward stroke volume and SWI in fact decreased during LPP stress. LVOT indicates left ventricular outflow tract; and TMF, transmitral flow.
